INTRODUCTION
============

The initialization, readout, and manipulation of electron spins bound to a single phosphorus (P) donor in silicon have been demonstrated with fidelities more than 99% ([@R1], [@R2]), which is above the estimated threshold for surface code quantum error correction ([@R3], [@R4]), making them a promising qubit for quantum computation ([@R5], [@R6]) and simulation ([@R7]). One of the main sources of error during single-shot spin readout is the relaxation of the spins before they can be measured ([@R8]). The spin relaxation time (*T*~1~) also represents an upper bound to the spin coherence times (*T*~2~ \< 2*T*~1~) ([@R9]). Consequently, extensive efforts have been made to understand the underlying mechanisms that cause spin relaxation to extend the lifetimes of electron spin qubits ([@R10]--[@R12]).

The relaxation times of electrons bound to P donors in silicon are particularly long because of weak spin-orbit coupling and the lack of piezoelectric phonons ([@R9]). In these systems, relaxation is caused by the single-valley and valley repopulation mechanisms, which depend on the valley-orbit splitting ([@R13], [@R14]). Here, we show that electrons bound to 2P and 3P donor dots can have spin relaxation times up to 16 times longer than single P donors because of their extremely tight confinement potential, which results in a larger valley-orbit splitting, in agreement with recent theoretical predictions ([@R13]). These long spin relaxation times, combined with a single-electron transistor (SET) charge sensor that has a high signal-to-noise ratio, allow us to demonstrate the high-fidelity (99.8%) sequential readout of two donor-bound electron spin qubits.

RESULTS
=======

An overview of the device after scanning tunneling microscope (STM) hydrogen lithography ([@R15], [@R16]) is shown in [Fig. 1A](#F1){ref-type="fig"}. Two atomic-scale quantum dots, D1 and D2, are placed at a center-to-center distance of 20 nm apart and at a distance of \~19 nm from the SET charge sensor. Four in-plane gates---G1, G2, GSET, and GT---are used to tune the electrochemical potentials of the dots and the SET island. Dosing with PH~3~ followed by annealing (350°C) creates an atomically abrupt planar doping profile with density *N*~2D~ ≈ 2 × 10^18^ m^−2^ ([@R16], [@R17]), where we estimated a maximum of three donors to be incorporated in D1 and D2 from the STM images in [Fig. 1](#F1){ref-type="fig"} (B and C, respectively) ([@R15], [@R18]).

![Charge sensor for independent readout of two P donor quantum dots.\
(**A**) Overview STM image of the device template after STM lithography showing four electrostatic gates (G1, G2, GT, and GSET) and a SET charge sensor with source (S) and drain (D) leads. Two donor incorporation sites, D1 and D2 separated by 20 nm, were patterned 19 nm away from the SET. (**B** and **C**) Closeup STM images of D1 and D2 with the underlying Si(001)-(2 × 1) surface reconstruction. Both dot templates consist of three and four contiguous desorbed dimers (green ellipses) along two adjacent dimer rows. Assuming a 0.25--monolayer (ML) doping density ([@R31]), we estimate that a maximum of three P can be incorporated in D1 and D2. (**D**) Charge stability diagram (*V*~SD~ = 300 μV, *V*~GT~ = 100 mV, and *V*~GSET~ = 0 mV) showing the current through the SET as a function of the voltage applied to G1 and G2. We observe two sets of parallel lines of breaks in the SET current where either the D1 (yellow dashed lines) or D2 (blue dashed lines) electrochemical potentials align with that of the SET.](1602811-F1){#F1}

The charge sensing and independent gate control ([@R8]) of the double quantum dot (DQD) are demonstrated in [Fig. 1D](#F1){ref-type="fig"}, which shows the SET current as a function of the gate voltages *V*~G1~ and *V*~G2~, recorded at voltages *V*~SD~ = 300 μV, *V*~GT~ = 100 mV, and *V*~GSET~ = 0 mV. Lines of current running at 45° correspond to the Coulomb blockade (CB) peaks of the SET. Charge transitions on D1 and D2 result in two sets of parallel lines of charge offsets in the CB pattern (blue and yellow dashed lines), which connect to form a honeycomb diagram expected for the DQD ([@R19]). No additional charge transitions for D1 and D2 are observed for voltages *V* \< 0 V, indicating that both dots can be fully depleted, allowing us to assign the electron occupancy (*m*, *n*) to each charge stable region shown in [Fig. 1D](#F1){ref-type="fig"}. Because a single P donor can only bind up to two electrons ([@R18]), the observation that each dot has more than two charge transitions (see section S1) indicates that each dot hosts more than one single P donor.

The donor numbers of D1 and D2 can be estimated by comparing their addition energies with those calculated using an atomistic tight-binding model (see section S1) ([@R15]) and were found to be 3P and 2P, respectively. The addition energies for the 1e↔2e and 2e↔3e transitions of D1 (108 ± 15 meV and 78 ± 12 meV) and D2 (63 ± 9 meV and 61 ± 11 meV) were extracted by measuring the change in voltage between successive charge transitions of D1 (D2) and converting to an energy with extracted gate lever arms. The addition energies of D1 are significantly larger than D2, indicating a stronger confinement potential due to the higher donor number.

A key requirement to demonstrate a successful two-qubit logic gate is the ability to independently read out and initialize each qubit ([@R20]). [Figure 2A](#F2){ref-type="fig"} shows a high-resolution close-up of the (0,0)↔(1,1) charge transition where the sequential readout by spin-selective tunneling of each electron to the SET island ([@R21]) was performed. In this map, we observed almost no charge offset drift ([@R22]), allowing us to maintain readout without feedback over days. The white dashed lines outline the charge stable regions of the DQD. Adding an electron to either of the dots shifts the SET peak by more than its linewidth, resulting in excellent sensitivity to the tunneling of electrons from D1 and D2. To read out D1 (D2), we applied a static magnetic field, *B*, which splits the spin-degenerate, one-electron ground state into spin-up \|↑〉 and spin-down \|↓〉, separated by the Zeeman energy Δ*E*~Z~ = *g*μ~B~*B*. The electrochemical potential of the SET is aligned between the \|↑〉 and \|↓〉 electrochemical potentials of D1 (D2). If the electron spin is in the \|↑〉 state, then it will tunnel onto the SET island, followed by a \|↓〉 returning to the donor dot, resulting in a single pulse in the SET current. The readout position for D1 (D2) with 0e or 1e on D2 (D1) in gate-gate space is shown in [Fig. 2A](#F2){ref-type="fig"} (red and blue stars and circles). The position of the SET lines could be tuned with respect to the charge stable regions of the DQD (defined by white dashed lines) using GT and GSET and were chosen to bring the readout positions of both dots close together in gate space. From the variation in the addition energy spectrum of the SET measured in [Fig. 2A](#F2){ref-type="fig"}, we estimated an upper bound for the single-level energy spacing of the SET to be ΔE \< 40 μeV ≪ *E*~Z~, allowing us to treat the SET as a reservoir with a continuum of states ([@R23]). For this large, donor-based SET (*A* \~ 1000 nm^2^), we found that a simple two-dimensional particle-in-a-box model does not accurately predict ΔE, which is most likely because of the asymmetry and disorder in the confinement potential and the many thousands of electrons (estimated from the 0.25-ML doping density), which will lead to complicated electron-electron correlations.

![Extending *T*~1~ using single electron spins bound to multidonor quantum dots.\
(**A**) Measured charge stability diagram showing the positions in gate space where readout is performed on D1 and D2, recorded at *V*~SD~ = 1.5 mV, *V*~GT~ = −200 mV, and *V*~GSET~ = 20 mV. The red and blue stars (circles) are the readout positions for D1 and D2 if the other dot is unoccupied (occupied). (**B**) Measured spin relaxation rates, *T*~1~^−1^, of the first electron bound to D1 (red squares) and D2 (blue squares) and the third electron bound to D2 (green squares) as a function of magnetic field. The data follow *T*~1~^−1^ = *K*~5~*B*^5^ with *K*~5~ = 0.00059 ± 0.00002 s^−1^ T^−5^, *K*~5~ = 0.0028 ± 0.0001 s^−1^ T^−5^, and *K*~5~ = 1.3 ± 0.1 s^−1^ T^−5^ for D1 (1e), D2 (1e), and D2 (3e), respectively. The black line shows the fit (*K*~5~ = 0.0095 s^−1^ T^−5^) to the spin relaxation times of the single donor device in the study by Watson *et al.* ([@R2]) measured at the same magnetic field direction used in this experiment.](1602811-F2){#F2}

The relaxation time *T*~1~ of an electron spin qubit determines the fundamental limit of the qubit coherence time (*T*~2~ *\<* 2*T*~1~) and is important to determine the readout fidelity. We measured the spin relaxation time of the first electron bound to D1 (D2) while the other donor dot is unoccupied by applying a three-level pulse sequence. In this sequence, D1 (D2) is first emptied by pulsing with G1 and G2 into the (0,0) charge region. D1 or D2 is then loaded with a random spin by pulsing deep into either the (1,0) or (0,1) charge region. After waiting a time *t*~wait~, the electron spin of D1 (D2) is read out by pulsing to the red and blue stars in [Fig. 2A](#F2){ref-type="fig"}. The \|↑〉 fraction decays exponentially as a function of *t*~wait~, allowing us to extract the *T*~1~ of D1 and D2 at various magnetic fields. [Figure 2B](#F2){ref-type="fig"} shows the spin relaxation rates *T*~1~^−1^ of the 2P (D2) (blue squares) and 3P (D1) (red squares) donor dots as a function of a magnetic field applied at 68° ± 2° with respect to the \[100\] crystalline axis (see [Fig. 1A](#F1){ref-type="fig"}). Note that we observed no change in the spin relaxation times if an extra electron is added to the other dot. For magnetic fields *B* ≥ 3 T, the spin relaxation rates follow a *B*^5^ field dependence, as expected for donors in silicon where the single-phonon mechanisms of valley repopulation and the single-valley mechanism are the dominant relaxation pathways ([@R14], [@R24], [@R25]). For lower magnetic fields below \~3 T, the spin relaxation rate of both dots deviates from the *B*^5^ field dependence, suggesting that another spin relaxation mechanism dominates. Similar behavior has been observed in previous experiments on donors in silicon ([@R2], [@R24]--[@R26]), where there is evidence for a change in slope at low magnetic fields where the spin relaxation times are between 0.2 and 5 s (see section S3 for comparison). In our experiment, we observed that the spin relaxation rate first saturates and then decreases with a different slope from the *B*^5^ field dependence at lower *B*. In the study by Morello *et al.* ([@R24]), the deviation from the *B*^5^ field dependence was explained by a *B* field--independent relaxation mechanism involving the dipolar coupling between the measured electron spin and nearby donor electron spins. However, it could be argued that the data does not become *B* field--independent at lower magnetic fields and is similar to the data shown in [Fig. 2B](#F2){ref-type="fig"}. In quantum dots, similar deviations at low *B* fields have been predicted theoretically to arise from unfiltered Johnson noise from the finite resistance of the device reservoirs or gates (\~1 kilohm), causing relaxation via Rashba spin-orbit coupling, which leads to a *B*^3^ field dependence ([@R27]). This behavior would also be expected in donors, particularly in asymmetric confining potentials, which may arise from multiple donors or electrostatic gates.

The black line in [Fig. 2B](#F2){ref-type="fig"} shows the spin relaxation rate of the single donor device in the study by Watson *et al.* ([@R2]) as a function of magnetic field extrapolated from a data point measured using the same magnetic field direction used in this experiment. The relaxation time of the electrons increases significantly for dots with higher donor numbers, and we found that the spin relaxation times for the 3P donor dot are 16 times longer than for the single P donor. This is in qualitative agreement with recent theoretical predictions based on an atomistic tight-binding model ([@R13]), where dots with higher donor numbers have a stronger confinement potential for the first bound electron. This tighter confinement potential reduces the electron wave function overlap with the lattice and results in a larger valley-orbit energy gap, combining to reduce the phonon-induced relaxation. Significantly, at a magnetic field of *B* = 1.5 T, we found *T*~1~ times of *T*~1~ = 30 s and *T*~1~ = 15 s for D1 and D2, respectively, which are the longest reported spin relaxation times for any single electron spin qubit in a nanoelectronic device.

It is expected that, as we add more electrons to these tightly confined systems, the relaxation time of an unpaired electron spin should markedly increase because of screening of the donor core potential ([@R13]). This increases the spread in the electron wave function increasing *T*~1~. We observed this change for the third electron bound to D2 that is shown in [Fig. 2B](#F2){ref-type="fig"} (green squares), continuing the trend of decreasing spin lifetimes with increasing confinement size as predicted by theory. The spin relaxation rate also follows a *B*^5^ field dependence but is about three orders of magnitude faster than the first electron from the same dot. The ability to perform readout of the third electron bound to D2 indicates even-odd spin filling, consistent with previous measurements on 2P and 3P donor dots in silicon ([@R15]). Note that, although we observed the third electron transition for D1, we could not perform spin readout because the tunnel times were too fast (\<1 μs) to measure with our measurement setup, which has a maximum bandwidth of 400 kHz.

A surface code fault-tolerant quantum computer requires the ability to independently read out and initialize each qubit with fidelities \>99% ([@R3], [@R4]). To date, readout of more than one electron spin qubit has only been demonstrated in electrostatically defined quantum dots with fidelities still below the estimated surface code fault-tolerant threshold ([@R20], [@R28]--[@R30]). The sequential readout of the donor dots D1 and D2 with 99.8% fidelity is demonstrated in [Fig. 3A](#F3){ref-type="fig"}, which shows the current through the SET during 20 readout cycles. The readout was performed at a magnetic field of *B* = 1.5 T typical for performing single qubit gates via electron spin resonance ([@R1]). For sequential readout, we began in the (1,1) charge state and pulsed to the D1 readout position ([Fig. 2A](#F2){ref-type="fig"}, red circle) for 200 ms, followed by the D2 readout position ([Fig. 2A](#F2){ref-type="fig"}, blue circle) for 200 ms. The readout results in the initialization of both dots to \|↓〉. From the current response at the two read positions, we can determine the spin state of both dot-bound electrons. To repeat the readout cycle, we reinitialized both donor dots with a random spin by first emptying each donor dot by pulsing into either the (0,1) or (1,0) charge region, followed by pulsing deep into the (1,1) charge region, reloading the donor dot with a random spin. At this readout point, we found that the measured spins are uncorrelated, that is, the product of the single spin probabilities on the left (*P*~L*i*~) and right (*P*~R*i*~) dots are equal to the two spin probabilities (*P*~*ij*~ = *P*~L*i*~ × *P*~R*i*~), where *i*,*j* ∈ \|↓〉, \|↑〉.

![High-fidelity sequential readout of two electron spins confined to a 3P/2P DQD.\
(**A**) Twenty readout traces showing the real-time current through the SET during the sequential single-shot readout of D1 and D2 for a magnetic field of *B* = 1.5 T and *V*~SD~ = 170 μV. A spin-up is assigned to D1 or D2 if a current pulse occurs during the read phase. (**B** and **C**) Histograms (black circles) of the peak current during the readout of (B) D1 and (C) D2 for 7500 readout cycles. The two well-separated peaks allow \|↓〉 and \|↑〉 electrons to be distinguished with high fidelity. The blue and green lines show the separated histograms for the \|↓〉 and \|↑〉 current traces, which were simulated using the experimental parameters.](1602811-F3){#F3}

To calculate the measurement fidelity (*F*~m~) of the sequential readout of D1 and D2, we considered the fidelity of the spin-to-charge conversion and the electrical detection separately ([@R2]). Errors during the spin-to-charge conversion arise from either (i) a \|↓〉 electron tunneling out of the donor due to the thermal broadening of the SET Fermi level or (ii) a \|↑〉 electron relaxing to a \|↓〉 before it can tunnel out. For the readout of D1 (D2), we achieved extremely high spin-to-charge conversion fidelities for both \|↓〉 (β) and \|↑〉 (α) electrons above 99.9% (see section S2), which is reflected by the lack of dark counts that occur after the optimized readout time of Δ*t* = 65 ms (55 ms). These high fidelities are results of the long spin relaxation times of the donor dots and the long \|↓〉 tunnel-out time (\~100 s) due to the low electron temperature (*T*~electron~ ≈ 100 mK) and the careful positioning of the readout position (see section S2). Despite k*T* \<\< *E*~Z~, the \|↓〉 tunnel-out time is still of a similar order of magnitude as *T*~1~, resulting in both processes contributing equally to the remaining errors in the spin-to-charge conversion.

During readout, the spin of the electron is assigned to \|↑〉 if the current rises above the threshold current *I*~t~ determined after the experiment to maximize the measurement fidelity. Errors involved in this detection process arise from either (i) \|↑〉 current pulses that are missed because of the finite bandwidth of the measurement or (ii) electrical noise resulting in a \|↓〉 current pulse that is accidentally detected as a \|↑〉. [Figure 3](#F3){ref-type="fig"} (B and C) shows histograms of the peak current, *I*~peak~, during the readout of D1 and D2 (black circles), which can be separated into the \|↓〉 (blue line) and \|↑〉 (green line) contribution, *N*~↓~ and *N*~↑~ with numerical modeling ([@R24]). The fidelity of the threshold detection scheme for D1 (D2) for a \|↓〉 and \|↑〉 electron can be calculated from these histograms to be *F*~↓~ = 100% (100%) and *F*~↑~ = 99.7% (99.8%), respectively (see section S2). These high fidelities can be attributed to the ability to precisely position the donor dots with respect to the SET to control the tunnel times and maximize the sensitivity of the SET to charge movement, resulting in a large signal-to-noise ratio at a measurement bandwidth of 10 kHz.

The total measurement fidelity is defined as *F*~m~ = (β*F*~↓~ + α*F*~↑~)/2 ([@R2]), giving *F*~m~ = 99.8% for D1 and *F*~m~ = 99.8% for D2, which demonstrates high-fidelity sequential single-shot readout of the electron spin bound to two donor dots above the fault-tolerant threshold. If we include the errors due to the spin relaxation of the electron bound to D1 during the readout of D2 (assuming the optimal readout time of Δ*t* = 65 ms), then the total readout fidelity of D1 slightly reduces to *F*~m~ = 99.6%. In general, the sequential readout of the *n*th electron will have a readout fidelity of *F*~m~ (*n*) = (β*F*~↓~ + α*F*~↑~exp\[−Δ*t ×* (*n −* 1)/*T*~1~\])/2, where Δ*t* is the average readout time for each qubit. On the basis of the numbers from this experiment, we estimated that approximately five qubits could be read out sequentially using the same charge sensor with fidelities \~99%.

DISCUSSION
==========

The relaxation time of an electron spin qubit is important because it places an upper bound on the qubit coherence time and is one of the major contributors to measurement error. We have shown that the spin relaxation times of the first electron bound to 2P and 3P donor dots in silicon are significantly longer than in single donors (up to 30 s at *B* = 1.5 T), in agreement with theoretical predictions. This is due to the tighter confinement potential and larger valley-orbit splitting of the donor dots, which reduces the qubit interaction with phonons. Further insights into the exact mechanisms driving spin relaxation in these devices could be gained by measuring the anisotropy of the spin relaxation times as a function of the magnetic field orientation ([@R14]).

In addition, we have used these engineered few donor dots to demonstrate the high-fidelity (99.8%) sequential readout of two electron spins above the surface code fault-tolerant error threshold. These high fidelities are possible because of the long spin lifetimes in donor dots and the ability to use STM lithography to precisely position the dots with subnanometer accuracy with respect to a SET charge sensor enabling a high signal-to-noise ratio during the readout of both electron spins. These results lay down the foundation for performing multiqubit experiments with donors in silicon. In particular, similar devices with suitable exchange coupling between the two electron spins could be used to demonstrate the measurement and universal control of a two-qubit system, which is the next major milestone for building a scalable quantum computer with donor-based qubits.

MATERIALS AND METHODS
=====================

Device fabrication
------------------

The silicon device was fabricated using STM hydrogen lithography performed in ultrahigh vacuum ([@R16], [@R18]). A clean H/Si(001)-(2 × 1)--reconstructed surface was prepared by flashing the substrate to 1100°C for 1 min. The surface was passivated with hydrogen (produced by a cracker source) for 6 min at a chamber pressure of 5 × 10^−7^ mbar while the substrate temperature was at 340°C. The hydrogen was selectively removed from the surface by scanning the STM tip under lithographic conditions (3 to 5 V, 1 to 3 nA) to form a template, which was subsequently doped by exposing the surface to 20 Langmuir of PH~3~ followed by annealing at 350°C for 1 min. This results in an atomically abrupt planar doping profile with 0.25-ML density (*N*~2D~ ≈ 2 × 10^18^ m^−2^) ([@R17]). In three dimensions, this corresponds to a doping density of ≈10^21^ cm^−3^, three orders of magnitude above the Mott metal-insulator transition, allowing quasi-metallic conduction in all device electrodes ([@R16]), including the SET. Finally, the device was encapsulated with a ≈40-nm epitaxial Si capping layer grown at low temperature at a rate of 8 nm/hour. The device was contacted ex situ via deposition of aluminum ohmic contacts.

Electrical measurements
-----------------------

All electrical measurements of the device were performed at low temperature (*T*~base~ = 20 mK) in a ^3^He/^4^He dilution refrigerator equipped with an 8-T superconducting magnet. The electron temperature was measured to be *T*~electron~ ≈ 100 mK from the thermal broadening of the Fermi level of the SET island (see section S1). The sample was connected to a breakout box at room temperature via stainless steel coaxial cables guided through copper powder filters, which filter high-frequency (gigahertz) noise. The cables have a bandwidth greater than 2 MHz suitable for the gate pulsing and current detection used in this work.

Direct current (DC) voltages were applied to the gate and drain electrodes using Yokogawa 7651 and Stanford Research Systems SIM928 voltage sources. Alternating current (AC) voltage pulses for spin readout were applied to G1 and G2 using a Tektronix AFG320 function generator and were added to the DC voltage using a passive adder circuit, where the DC and AC voltage amplitude was divided by 5 and 50, respectively. The source electrode was grounded via a Femto DLPCA-200 variable-gain low-noise current amplifier (maximum bandwidth, 500 kHZ), which converts the source-drain current into a voltage signal. An eighth-order low-pass Bessel filter with an adjustable cutoff frequency was applied to the voltage signal using a Stanford Research Systems SIM965 analog filter. The filtered voltage signal was measured using an Agilent four-channel fast digitizing oscilloscope.
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